Abstract. Nitrous oxide (N 2 O) emissions from Australian grain cropping systems are highly variable due to the large variations in soil and climate conditions and management practices under which crops are grown. Agricultural soils contribute 55% of national N 2 O emissions, and therefore mitigation of these emissions is important. In the present study, we explored N 2 O emissions, yield and emissions intensity in a range of management practices in grain crops across eastern Australia with the Agricultural Production Systems sIMulator (APSIM). The model was initially evaluated against experiments conducted at six field sites across major grain-growing regions in eastern Australia. Measured yields for all crops used in the experiments (wheat, barley, sorghum, maize, cotton, canola and chickpea) and seasonal N 2 O emissions were satisfactorily predicted with R 2 = 0.93 and R 2 = 0.91 respectively. As expected, N 2 O emissions and emissions intensity increased with increasing nitrogen (N) fertiliser input, whereas crop yields increased until a yield plateau was reached at a site-and crop-specific N rate. The mitigation potential of splitting N fertiliser application depended on the climate conditions and was found to be relevant only in the southern grain-growing region, where most rainfall occurs during the cropping season. Growing grain legumes in rotation with cereal crops has great potential to reduce mineral N fertiliser requirements and so N 2 O emissions. In general, N management strategies that maximise yields and increase N use efficiency showed the greatest promise for N 2 O mitigation.
Introduction
Nitrous oxide (N 2 O) is an important greenhouse gas with a global warming potential approximately 300-fold greater than that of carbon dioxide (CO 2 ) within a 100-year period (Intergovernmental Panel on Climate Change (IPCC) 2006). Globally, approximately 60% of anthropogenic N 2 O emissions originate from agricultural crop and livestock production (Syakila and Kroeze 2011) . In Australia, agricultural soils contribute 55% of national N 2 O emissions (Commonwealth of Australia 2015). Currently, 24.2 Mha of land is used for cropping in Australia, with wheat being the most important crop (12.8 Mha in 2012-13; Australian Bureau of Agricultural and Resource Economics and Sciences (ABARES) 2013). Over 30% of N 2 O emissions from agricultural land are attributed to nitrogen (N) fertilisers (Dalal et al. 2003) . Of the one million tonnes of fertiliser N used every year in Australia in this sector (ABARES 2013) , approximately 70% is applied to cereals. These figures highlight the importance of N 2 O emissions from agricultural land in Australia and the importance of finding suitable options for reducing N 2 O production.
N 2 O emissions measured in Australian grain systems have generally ranged from <0.1 to 2.0 kg N ha -1 year -1 (Wang et al. 2011; Barton et al. 2013; De Antoni Migliorati et al. 2015; Jamali et al. 2015; Officer et al. 2015; Schwenke et al. 2016) . Higher emissions (up to 45 kg N ha -1 year -1 ) have been found in experiments conducted in wheat and canola crops after conversion from pasture to cropping (Harris et al. 2013; Mielenz et al. 2016a) or in irrigated maize and barley (Wallace et al. 2015) in south-eastern Australia. In general, N 2 O emissions have been found to be higher in grain systems in subtropical and temperate zones of eastern Australia (Wang et al. 2011; Scheer et al. 2012; De Antoni Migliorati et al. 2014; Jamali et al. 2015; Schwenke et al. 2015) compared with the particularly low N 2 O emissions measured in semi-arid rain-fed grain cropping in south-eastern and south-western Australia (Barker-Reid et al. 2005; Barton et al. 2008 Barton et al. , 2010 Barton et al. , 2013 . Mitigation of N 2 O emissions is therefore particularly important in Australia's eastern grain cropping systems.
To design N 2 O mitigation strategies, the processes involved in N 2 O formation and emission need to be well understood. The two main processes during which N 2 O is formed are nitrification (nitrifier nitrification, nitrifier denitrification and nitrification-coupled denitrification) and denitrification (heterotrophic denitrification; Zhu et al. 2013) . These processes are controlled by the availability of mineral N (ammonium or nitrate) and regulated by environmental factors such as soil water content as proxy for soil oxygen levels, soil organic carbon (SOC), soil temperature and pH (Stehfest and Bouwman 2006; Hénault et al. 2012) . Most of these factors, in turn, are determined by climatic conditions and crop management practices, such as fertilisation, irrigation, residue management and tillage practices. As a result, N 2 O emissions are highly variable in space and time under Australia's diversity of climate, soils and farming practices. Observations of N 2 O emissions with high temporal resolution and the simultaneous characterisation of environmental variables are important for characterising N 2 O emissions from agricultural systems across Australia (Yao et al. 2009 ).
Recent use of automated chambers has significantly improved the understanding of N 2 O emissions from grain systems, and associations between N 2 O emissions and specific management strategies have been identified. Generally, N 2 O emissions have been higher in fertilised than unfertilised treatments, increasing with increasing rates of N fertiliser (e.g. Wang et al. 2011; De Antoni Migliorati et al. 2014 Officer et al. 2015) . Although nitrification inhibitors such as 3,4-dimethylpyrazole phosphate (DMPP) and dicyandiamide (DCD) have reduced N 2 O emissions in subtropical (De Antoni Migliorati et al. 2014) and temperate (Harris et al. 2013) environments, their current high cost and negligible yield improvement provide limited financial incentive for on-farm adoption (Harris et al. 2013) . No clear differences in N 2 O emissions have been found between tilled and untilled treatments (Li et al. 2016; Mielenz et al. 2016a) . In subtropical Australia, N 2 O emissions from unfertilised N-fixing legumes were significantly lower than from fertilised crops such as canola (Schwenke et al. 2015) . In irrigated systems, N 2 O emissions were reduced either by applying irrigation more frequently, to avoid large irrigation applications (Jamali et al. 2015) , or by avoiding excessive N fertilisation (Mielenz et al. 2016b ). However, the abovementioned studies tended to confine measurements to crop seasons only, neglecting emissions during fallow periods, or they represent emissions during a single year, thereby disregarding interannual variability. In addition, the diversity in climate, soils and farming practices exacerbates the quantitative assessment of long-term effects of agricultural management practices on N 2 O emissions in different environments. Long-term simulations with process-based models can potentially capture the spatial and temporal variability of N 2 O emissions and explore the effect of management options across different environments.
The aim of the present study was to simulate N 2 O emissions and crop yield from a range of cropping systems across Australia's eastern grain-growing regions to identify N 2 O mitigation options that do not limit, or may even improve, grain yields under different climatic environments and soils in eastern Australia. For this analysis, we used the Agricultural Production Systems sIMulator (APSIM), an agricultural systems model well tested for simulating Australian farming systems and soil N and C dynamics (Keating et al. 2003; Holzworth et al. 2014) . To ensure credibility of the model output, the performance of APSIM in simulating yields and N 2 O emissions was evaluated against experimental measurements taken from six field sites, each of which was representative of typical grain-growing regions of eastern Australia. Model calibration was kept to a minimum to confirm the suitability of the model for a wide range of environments, crops and management practices, and to enable model application at other sites. Long-term scenarios with various management practices were then simulated for each experimental site using historical climate data to identify specific mitigation options for each environment.
Material and methods
The present study consisted of three parts: (1) site-specific model parameters in APSIM were calibrated against a subset of data from six field sites across a diverse range of farming systems in the eastern grain-growing regions of Australia; (2) the performance of the calibrated APSIM model in modelling N 2 O emissions and crop yields was evaluated by validating it against the remaining datasets from the six field sites; and (3) long-term (40 years) scenarios with simple crop rotations and varying management strategies representative of the respective cropping regions were calculated for six sites. These were then analysed for management effects on yield and N 2 O emissions to assess possible N 2 O mitigation strategies without compromising yield. Management factors were N fertiliser rate and strategy, inclusion of legumes in the crop rotation and winter or summer cropping.
Field experiments
Data were sourced from field experiments conducted at six locations in eastern Australia's main grain-growing regions, namely Kingaroy, Kingsthorpe, Tamworth, Wagga Wagga, Horsham and Hamilton (Fig. 1) . The eastern grain-growing region of Australia is subdivided into the northern and southern grain-growing regions (Fig. 1) . The site characteristics and experiments are briefly summarised below and in Table 1 . Further details can be found in the original publications listed in Table 1 . At each site, experiments had been conducted over a period of 1-3 years, involving sequences of up to three consecutive crops. Each experiment comprised two to four treatments with different irrigation, fertilisation or tillage intensities, crop histories and/or crop rotations. The experiments included wheat, barley, sorghum, maize, cotton, canola and chickpea crops, as well as short and long fallow periods.
Kingaroy
At Kingaroy, different fertilisation intensities were applied to a wheat-maize rotation (De Antoni Migliorati et al. 2014) . The fertilisation treatments used in that study were a control with minimal N fertiliser applied to allow crop establishment (N0), reduced N rate (N1) and conventional N rate similar to farm practice (N2; Table 1 ). Wheat (Triticum aestivum, var. Hartog) was sown in July 2011 and harvested in November, with all residues left on the field and later incorporated into the soil. In December 2011, maize (Zea mays L., var. 32P55) was sown and harvested in June 2012. To prevent water stress, the field trial was sprinkler irrigated occasionally during both cropping seasons, with all treatments receiving the same amount of water at the same time.
On an adjacent plot, from December 2012 to September 2013, the effects of different crop histories (one season of sulla (Hedysarum coronarium L.) pasture, a legume, or wheat) and two fertilisation intensities on N 2 O emissions and yield were tested in a sorghum crop followed by fallow (Table 1; De Antoni Migliorati et al. 2015) . Both sites had been managed without fertiliser application since 2009. Sulla and wheat were direct drilled in August 2012, managed as forage crops and terminated in November 2012, with all residues left on the field and incorporated into the soil. Sorghum (Sorghum bicolor L., var. Pioneer G22) was sown in December 2012 and harvested in June 2013; the experiment then continued under fallow until September 2013. To avoid water stress, the whole field trial was irrigated occasionally with a total of 125 mm applied during the sorghum season.
Kingsthorpe
At Kingsthorpe, N 2 O emissions were measured during a wheat-cotton rotation from three irrigation treatments (Table 1; Scheer et al. 2012 Scheer et al. , 2013 . Irrigation was scheduled based on plant-available water capacity (PAWC), determined by neutron probe soil water content measurements, which were made approximately weekly at 10 cm depth increments to a depth of 150 cm in each plot. The wheat variety 'Lang' was sown in June 2009 and harvested in late October, with residues removed and stubble burnt. In November 2009, cotton (Gossypium hirsutum L., var. Bollgard Sicala 60 BRF) was sown and harvested in May 2010. All treatments received a total of 200 kg N ha -1 fertiliser, applied in three applications as urea to each crop.
On an adjacent field, N 2 O emissions were measured in a sorghum crop (var. MR Buster) from October 2012 to May 2013, managed with conventional fertiliser application (173 kg urea-N ha -1 applied at sowing). Grain yields were also imposed in a zero fertiliser treatment at this trial, but N 2 O emissions were not measured (Table 1) .
Tamworth
At Tamworth, a 3-year field experiment (May 2009-May 2012) was conducted comparing N 2 O emissions from a range of dryland crops and crop rotations (Table 1 ; Schwenke et al. 2015 Schwenke et al. , 2016 . Crops grown in the experiment were canola (Brassica napus, var. Hyola 50), chickpea (Cicer arietinum, var. PBA Hatrick), the wheat variety 'Crusader', the sorghum variety 'MR43' and barley (Hordeum vulgare, var. Shepherd). After grain harvest, all plant residues were left on the soil surface.
Wagga Wagga
From May 2012 to March 2013, the effects of fertilisation rate (0, 25, 50 and 100 kg urea-N ha ) and tillage (CT vs NT) were observed in the growing season of canola (var. Hyola 555) and the following fallow period (Table 1 ; Li et al. 2016) . The previous crop was wheat (var. Lincoln) grown from May 2012 to March 2013, managed with the same treatments. All treatments (including zero N treatments) received 5 kg N ha -1 at sowing, with the respective N rates for each treatment applied at tillering. Plots in the tillage treatments (T) were scarified twice and harrowed twice in two opposite directions 1-2 days before planting. Crop residues in the tillage treatments (T) were incorporated to 0.07-0.1 m depth with the cultivation operation, whereas they were left on the ground in the NT treatments. N 2 O emissions were measured with automated chambers only in the unfertilised and highest N-fertilised treatments (NT_N0, NT_N100, T_N0 and T_N100) during the 2013-14 experiment. However, yield data were measured from all 16 treatments, and so all treatments were simulated.
Horsham
The effects of N fertilisation and supplementary irrigation on N 2 O emissions were observed in the wheat variety 'Caliph' (Table 1; Officer et al. 2015) . Wheat was sown into broad bean (Vicia faba) stubble in June 2007 and harvested in December 2007, with residues left on the soil surface. Treatments included no N fertiliser (N0), 50 kg N ha -1 (N50) and 50 kg N ha -1 and 50 mm irrigation (N50I). N fertiliser was applied side-banded at sowing, and irrigation was applied once in September at midtillering.
Hamilton
During 2010 and 2011, N 2 O emissions were monitored for 1 year during wheat and fallow after conversion from long-term improved pasture to cropland on adjacent plots (Mielenz et al. 2016a) . Soils had been under long-term pasture, consisting of subterranean clover (Trifolium subterraneum L.) and perennial ryegrass (Lolium perenne L.). Therefore, the soil was rich in stored organic carbon (Table 1) . In each case, in the year before the start of the experiment, a selective herbicide was used to reduce the pasture grasses and encourage a sward dominated by subterranean clover. In late summer before cropping, the site was completely sprayed out with glyphosate. Winter wheat variety 'Revenue' was sown in April in each of the two years and harvested in January the following year. The effect of tillage on N 2 O emissions was assessed by comparing zero tillage (ZT) by direct drilling the seed into sprayed out pasture with CT, where cultivation with several passes of discs, tynes and harrows preceded sowing (Table 1) .
Measurements
At all sites, N 2 O emissions were monitored continuously with fully automated gas measurement chambers (Scheer et al. 2012; Officer et al. 2015) . N 2 O emissions were measured from three replicate plots within a randomised split-plot design for each treatment at each site. The chambers were closed for measurement for 30-60 min, during which time the air was sampled four to 10 times sequentially. The gas samples were automatically pumped to a gas chromatograph or tuneable diode laser (TDL) for N 2 O analysis. N 2 O fluxes were calculated from the slope of the linear change in N 2 O concentration during chamber closure. In this way, up to 16 N 2 O flux measurements per day were collected from each chamber.
At all sites, soil water contents were monitored during the field experiments with different methods and at different depth and time resolutions. At Kingaroy, soil moisture was measured at 30-min intervals at three depths (0-0.1, 0.1-0.2 and 0.2-0.4 m) with frequency domain reflectometers (FDR; EnviroScan probes; Sentek Sensor Technologies). At Kingsthorpe, soil moisture was measured at least weekly at 0.1-0.2 and 0.2-0.4 m depth with neutron probes (503DR Hydroprobe; CPN International). At Tamworth, Wagga Wagga, Horsham and Hamilton, soil moisture was measured sub-daily at 0-0.06 m depth with site-calibrated theta probes (Theta-Probe MK2x; Delta-T Devices; 60 mm probe length). In addition, at all sites, topsoil samples were taken regularly (weekly to monthly) for measuring ammonium (NH 4 + ) and nitrate (NO 3 -) concentrations. Crop yields were recorded at harvest. Further details on the measurement techniques are detailed in the original publications (Table 1) .
Model description
APSIM version 7.5 (Holzworth et al. 2014) , with alterations made to the denitrification submodel as proposed by Mielenz et al. (2016b) , was used in the present study. APSIM is a modular modelling framework that simulates biophysical processes in farming systems. Soil and crop processes are simulated by separate modules that interact on a daily time step and are driven by climate data and crop management activities. The dynamics of soil water, N and C, and plant growth and development are comprehensively simulated in APSIM. The APSIM-Manager module allows specification of flexible management options, such as crop and residue management, tillage, fertilisation and irrigation, and the implementation of crop rotations. Therefore, APSIM has been used extensively to explore options for climate change mitigation and adaptation, as well as food security Holzworth et al. 2015) , including N 2 O emissions Mielenz et al. 2016a Mielenz et al. , 2016b .
In the APSIM-SoilN module (Probert et al. 1998) , the two main processes during which N 2 O is formed, nitrification and denitrification, are simulated . Nitrification follows Michaelis-Menten kinetics and is modified by pH, soil moisture and temperature. A fixed proportion of nitrified N (the default value being 0.2%) is emitted as N 2 O. Denitrification is simulated as a first-order reaction dependent on the amount of nitrate (kg ha -1 ) in each layer with a default denitrification rate coefficient of 0.0006 kg mg -1 day -1 (Rolston et al. 1984) . It is further multiplied by functions describing the effect of active carbon, temperature and soil moisture. The soil moisture factor (F sw,z ) in the modified version of APSIM increases linearly from 0 to 1 for water-filled pore space (WFPS) between the dimensionless threshold parameter (dnit lim ) and saturation (SAT) and is equal to zero below WFPS at dnit lim (Mielenz et al. 2016b ):
where z refers to the soil layer,
) is the actual water content, SW SAT,z (m 3 m -3 ) is the water content at saturation and SW lim,z (m 3 m -3 ) is the water content above which denitrification starts in each soil layer. The dimensionless threshold parameter dnit lim is defined as SW lim,z normalised by porosity and hence defined as a fraction of WFPS (WFPS = volumetric water content/total porosity). During denitrification, N 2 and N 2 O are produced with an N 2 : N 2 O ratio depending on gas diffusivity of the soil at field capacity, the quotient of NO 3 -concentration to heterotrophic carbon dioxide (CO 2 ) respiration and WFPS, following the approach of Del Grosso et al. (2000) . Detailed description of the soil N processes can be found in Probert et al. (1998) and Thorburn et al. (2010) .
Model parameterisation and initialisation
Parameterisations of APSIM for Kingaroy, Kingsthorpe and Hamilton used in the present study have been described previously by Mielenz et al. (2016a Mielenz et al. ( , 2016b ), but are briefly described here again.
Daily weather data, rainfall, solar radiation and daily minimum and maximum temperature were obtained from the nearest weather stations of the Australian Bureau of Meteorology (Jeffrey et al. 2001 Fig. 2 ).
All crop sequences within one experiment were modelled in one simulation without reinitialising the model. For experiments conducted on adjacent field sites (in Kingaroy, Kingsthorpe and Hamilton), soil properties were assumed to be the same. In cases where bulk density and SOC contents were measured before each experiment, these were updated. Where available, water contents and mineral N pools were initialised according to measurements made before or at the beginning of the respective experiments. Otherwise, they were set to reasonable values or, in case of mineral N, estimated by an N balance from the measurements.
Model calibration and simulation of experiments
Site-specific parameters were developed from measured data where possible so that a minimum number of parameter values was derived from calibration. To enable extrapolation of the model to other soil and climate conditions, rate and efficiency constants in the model, such as nitrification rates, crop radiation use efficiency etc., were generally not altered, with only a few exceptions described below.
Several soil properties had been measured at the experimental sites (Table 1; Fig. 2 ). An exception was the parameter KL z (day -1 ), which describes the maximum proportion of plantavailable water that can be extracted from each soil layer, z, per day. KL z is a depth-dependent, plant-and soil-specific parameter that cannot be measured directly. To optimise simulation of crop yields, values for KL z were calibrated for each crop at each site using crop yield and, where possible, water content data from one treatment in each case. It is known that the potential rate of mineralisation is not necessarily constant across soils, but can depend on several environmental factors, including soil texture (Asseng et al. 1998 ) and substrate quality (Benbi and Khosa 2014) , among others. The default potential mineralisation rate in APSIM was developed for medium-and fine-textured soils. At Wagga Wagga and Hamilton, higher mineralisation rates were used that are more appropriate for coarser-textured soils (Asseng et al. 1998) . At Hamilton, the higher rate was further justified by the conversion from pasture to cropping, where substrate of a different quality was provided (Angus et al. 2006) .
In the topsoil at Hamilton, pH values were very low (4.4) and just below the lower limit of pH values where nitrification ceases in APSIM (default pH lower limit: 4.5; Table 1 ). However, according to the measured NO 3 -and NH 4 + concentrations in the top 0.1 m, nitrification must have occurred. Therefore, the limit of pH below which nitrification ceases was estimated from NO 3 -and NH 4 + measurements in the topsoil from the CT2010 treatment. The data indicated that nitrification at the site was limited below pH 4.32.
After calibrating the model for adequate prediction of yield and mineral N concentrations, the parameter dnit lim , determining the water content at which denitrification starts (Mielenz et al. 2016b) , was calibrated against cumulative N 2 O emissions over at least 1 year from one treatment at each site. The calibration phase of dnit lim ran for at least 1 year at each site to make sure important denitrification events were captured.
Finally, the calibrated model was validated against the remaining datasets at each site. The validation datasets comprised a total of 38 crop-treatment combinations for yield and 56 crop-treatment combinations (including fallows) for seasonal N 2 O emissions. 
Scenario analysis
After testing the performance of APSIM to simulate N 2 O emissions, we assessed the sensitivity of N 2 O emissions and yields to different management practices for each site. Management options included N fertiliser rate, single or split N applications and growing grain legumes in rotation with cereals. This analysis aimed to identify optimal management strategies to reduce N 2 O emissions and maintain yields. For each site, crop rotations were selected that were representative of the respective farming systems and met our purpose of exploring mitigation opportunities. In the northern and southern grain-growing regions of eastern Australia, wheat is a commonly grown winter crop. In the northern grain-growing region, sorghum is additionally commonly grown as a summer crop. Chickpea (winter crop) and mung bean (Vigna radiata; summer crop) are typical grain legumes grown in eastern Australia. Often cropping intensity in rain-fed cropping systems in eastern Australia is one crop per year (Gobbett et al. 2016) and, accordingly, in all simulated crop rotations one crop was grown per year. A spring wheat monoculture and a wheat-chickpea rotation were simulated for all sites except Hamilton. Kingaroy, Kingsthorpe and Tamworth represented the northern graingrowing region, where a sorghum monoculture and a sorghummung bean rotation were also simulated. Sowing rules were defined based on local expertise, driven by rainfall and soil plant-available water (Gobbett et al. 2016) . At Hamilton, a winter wheat monoculture and a winter wheatchickpea rotation were simulated. Results of the scenario analysis for the site at Hamilton are presented separately because the crop rotations differed from those at the other sites. In addition, the high emissions measured at this site are unlikely to be representative of typical N 2 O emissions in southern Australian grain production systems. The site had atypically high N 2 O emissions because: (1) conversion from pasture to cropping led to accelerated mineralisation and large quantities of mineral N to accumulate (Mielenz et al. 2016a) ; (2) organic carbon contents were >4% in the top 0.1 m, much higher than in most cropping soils of southern Australia (Dalal and Chan 2001) ; and (3) the site is situated in the high-rainfall zone, which currently represents only a small area of the southern grain-growing region of Australia (Gobbett et al. 2016) .
For each rotation, seven rates of N fertiliser (0, 30, 60, 90, 120, 150 and 180 kg N ha -1 ) were applied to the non-legume crops. An additional three rates of N fertiliser were applied for Hamilton: 210, 240 and 270 kg N ha -1 . N was applied to the non-legume crops using two different application strategies: (1) total amount applied at sowing (Single); and (2) splitting fertiliser into two applications (Split), where 20 kg N ha -1 was applied at sowing (except in the zero fertiliser treatment) and the remainder was applied 30 days after sowing for sorghum and 40 days after sowing for wheat.
For each simulation, the model was run for 40 years using weather data from 1971 to 2010 from the local weather stations (Jeffrey et al. 2001) , with the first 10 years being used as run-in to avoid effects of unrepresentative initial conditions and data from the last 30 years used for data analyses, to study the effect of interannual weather variability. In the case of Hamilton, data from 20 years were used for the run-in simulation to reduce the effect of conversion from pasture to cropping. Model performance was evaluated by root mean square error (RMSE), a measure of the average deviation of the model output from the measurements, coefficient of determination (R 2 ), which describes the proportion of variance in the data explained by the model, and Nash-Sutcliffe model efficiency (ME), which measures the performance of a model relative to the mean of the observations. ME ranges from -¥ to 1.0, with the model being perfect at ME = 1 and for ME < 0 the observed mean is a better predictor than the model. These quality criterions were calculated as an integrative measure considering yields and seasonal N 2 O emissions of all calibration and validation datasets.
Data analysis
From the yearly outputs of the long-term scenarios, arithmetic means for yields and yearly N 2 O emissions were calculated. In addition, N 2 O intensities (kg N t -1 ) were calculated for the nonlegume crops by dividing average yearly N 2 O-N emissions by average crop yields. To quantify interannual variability of annual N 2 O emissions and yields, the CV was calculated as the ratio of s.d. to the mean. 'optimum' N fertiliser rates were determined from the scenarios as the rate above which cereal crop yield increased by <2% to the next higher N rate. This was done for each cereal crop at each site in both the monoculture and in rotation with a legume.
To determine the effects of environmental factors on N 2 O emissions, N 2 O emissions were correlated with selected soil and climate parameters. For this, N 2 O emissions at the 'optimum' N fertiliser rates from the spring wheat monocultures and wheat-chickpea rotations were used as a comparable dataset. The Hamilton site was not included in this analysis.
Results

Field experiments
In the fertilised treatments of the experiments used in the present study, N 2 O-N emissions during the crop-growing seasons were equivalent to 0.1-1.4% of applied fertiliser N. N 2 O emissions from fertilised crops in the experiments ranged from 0.1 to 1.6 kg N ha -1 during the growing season, and from 0.0 to 0.4 kg N ha -1 during fallow periods, which ranged from 1 to 12 months in duration. Only at the Hamilton site were N 2 O emissions much larger, with maximum N 2 O emissions of 46 kg N ha -1 measured during a wheat season (9 months) after terminating long-term pasture. Emissions at Hamilton were extremely high because conditions for N 2 O emissions from nitrification and denitrification were favourable: measurements were made in the first year after converting long-term pasture to cropping, where large amounts of soil mineral N accumulated from accelerated mineralisation in soil with very high concentrations of organic C, which, in combination with very wet soil conditions, led to the extraordinarily high emissions (Mielenz et al. 2016a) .
Model calibration and validation Calibration
A small subset of the experimental data from each site was used for model calibration. After adjusting KL z for each crop at each site, yields of the calibration treatments were adequately simulated, where predictions lay within the standard deviations of the measured yield in all but one case (Fig. 3a) .
Cumulative N 2 O emissions proved to be very sensitive to dnit lim , the parameter that determines the WFPS above which denitrification commences. Calibration of this parameter for each site (using a subset of treatments in the experiments) resulted in adequate prediction of seasonal N 2 O emissions for all crops and fallows in the calibration datasets (Fig. 3b) . Calibrated dnit lim values were between 0.80 and 0.93 and showed a direct relationship with WFPS at the drained upper limit (DUL). At each of the six experimental sites, dnit lim was between 0.99-and 1.11-fold (mean 1.05-fold) WFPS at the drained upper limit (WFPS DUL ; Fig. 4 ). For the sites at Kingaroy, Kingsthorpe and Hamilton, detailed results of model calibration and validation have been provided by Mielenz et al. (2016a Mielenz et al. ( , 2016b . Goodness-of-fit measures for the simulations of N 2 O emissions, soil mineral N and soil water contents for the experiments at Tamworth, Wagga Wagga and Horsham were in a similar range as those for the published data and are therefore not presented here.
Validation
The model was validated with the datasets from the remaining crop seasons. These comprised 38 crop-treatment combinations for yield and 54 crop-treatment combinations (including fallows) for seasonal N 2 O emissions across the six sites. Yields for the 38 validation data were well predicted (R 2 = 0.93), and predictions lay within the standard deviation of the measured values in 24 cases (Fig. 5a ). Seasonal N 2 O emissions were also well predicted for all 54 validation datasets, with R 2 = 0.91 (Fig. 5b) .
Simulation of mitigation options
Crop yields for both spring wheat and sorghum increased from north to south (Figs 6a-e, 7a-c). Simulated average N 2 O emissions varied from 0.2 to 4.2 kg N ha -1 year -1 (Figs 6f-j, 7d-f), equivalent to emission factors of 0.2-2.2% (data not shown). We show long-term averages but acknowledge that annual N 2 O emissions and crop yields were highly variable between years, with CVs of between 20% and 100% for annual N 2 O emissions and between 10% and 60% for crop yields.
At Hamilton, where conditions for both crop growth and N 2 O emissions are favourable, average winter wheat yields of up to 9.1 t ha -1 were simulated (Fig. 8a ). Average N 2 O emissions were higher than at the other sites and ranged from 2.6 to 16.7 kg N ha -1 year -1
.
Fertilisation rate
In our simulations, at all sites, increasing N inputs increased yield, N 2 O emissions and N 2 O intensities. At a certain N rate (depicted by circles in Figs 6a-e, 7a-c, 8a), crop yields ceased responding to additional N inputs (reaching a 'yield plateau'), whereas the increase in N 2 O emissions and N 2 O intensities continued or, in some cases, even accelerated (Figs 6f-o, 7d-i, 8b, c). The yield plateau was reached at varying N rates depending on site and crop rotation. We propose these rates as the 'optimal' average N supply (circles in Figs 6-8) specific for the respective crop and site, although we acknowledge that the 'optimal' N rate depends on starting soil water, soil mineral N and growing season rainfall, and will therefore vary from year to year.
The yield plateau for spring wheat increased from north to south, being 2.6 t ha , coefficient of determination; ME, Nash-Sutcliffe model efficiency.
( Fig. 6a-e) . Accordingly, the simulated average optimal N rate increased with increasing yield potential from 90 kg N ha
at Kingaroy to 180 kg N ha -1 at Horsham. In the cereal monocultures (wheat or sorghum) at all sites (except Hamilton), average yearly N 2 O emissions at the N rate where maximum yield was obtained were between 0.5 and 2.6 kg N ha -1 year -1 , with the highest emissions at Horsham and the lowest at Tamworth. In the winter wheat monoculture at Hamilton, the yield plateau was reached at an N rate of 270 kg N ha -1 . According to our simulations, average maximum yield in sorghum grown in monoculture was obtained with 90, 120 and 150 kg N ha -1 at Tamworth, Kingaroy and Kingsthorpe respectively (Fig. 7a-c) . At all three sites, maximum average sorghum yields were approximately 5 t ha -1 . In the monocultures, average annual N 2 O emissions at the optimal N rate decreased from north to south (Kingaroy > Kingsthorpe > Tamworth) from 1.9 to 0.5 kg N ha -1 year -1 (Fig. 7d-f ).
Splitting N fertiliser
Splitting N fertiliser did not affect yields or annual N 2 O emissions in either wheat (Fig. 6a-c, f-h ) or sorghum (Fig. 7a-f ) crops at the northern grain region sites (Kingaroy, Kingsthorpe and Tamworth). In contrast, splitting N fertiliser reduced N 2 O emissions at the optimal N rate by 0.1 and 0.7 kg N ha -1 year -1
(or 8% and 22%) at Wagga Wagga and Horsham respectively (Fig. 6i-j) and by 1.7 kg N ha -1 year -1 (or 10%) in winter wheat at Hamilton (Fig. 8b) .
Inclusion of legumes in the crop rotation
At all sites, the inclusion of legumes into summer and winter crop rotations changed the shape of the simulated N response curve for wheat and sorghum yields, with the yield plateau being reached at lower N rates compared with the monocultures (Figs 6a-e, 7a-c, 8a ). In both spring and winter wheat, this resulted in the optimal N rate being, on average, 30 kg N ha -1 less in the wheat-chickpea rotations than the wheat monocultures (Figs 6a-e, 8a ). In sorghum, the inclusion of mung bean into the crop rotation resulted in the optimal N rate being 60 kg N ha -1 (Kingsthorpe and Tamworth) or 90 kg N ha -1
(Kingaroy) less than in the monoculture (Fig. 7a-c) . The shapes of the N response curves of N 2 O emissions and N 2 O intensities in wheat and sorghum became flatter with the inclusion of legumes 8b, c) . In spring wheat, N 2 O emissions ( Fig. 6f-j) and N 2 O intensities ( Fig. 6k-o) were the same or lower in the wheat-chickpea rotation than in the monoculture. However, in sorghum, N 2 O emissions ( Fig. 7d-f ) and N 2 O intensities ( Fig. 7g-i) were higher in the sorghum-mung bean rotations than in the sorghum monocultures at N rates of up to approximately 150 kg N ha -1 , where the response curves intersected. This differing effect between the summer and winter crops is likely to be explained by the higher surplus of available N in the summer crop rotation caused by greater N supply from the mung bean compared with chickpea residues. N 2 O emissions at the optimal N rate were smaller when cereals (wheat or sorghum) were grown in rotation with legumes compared with those in the monocultures in all cases except for sorghum at Tamworth, where emissions were very small in both cases (Figs 6f-j, 7d-f, 8b ). This corresponds to the smaller 'optimal' N rates applied when legumes were included in the crop rotation. Note that these figures show average emissions for years in which non-legume crops were grown. Emissions during years in which legumes were grown were generally smaller. Consequently, with the inclusion of legumes in the crop rotation, N 2 O emissions could be reduced by up to 0.9 kg N ha -1 year -1 in both sorghum and spring wheat and by up to 4.8 kg N ha -1 year -1 (30%) in winter wheat at Hamilton. Maximum sorghum yields when grown in rotation with mung bean were at the same level as when grown in monoculture. However, maximum yields were lower by 7-30% or by 9% for spring and winter wheat respectively when grown in rotation with chickpea than in monoculture at all sites except for Kingaroy (Figs 6a-e, 8a) . The yield plateau was lower compared with cereal crops grown in monoculture, because simulated chickpea growth left less residual soil water than wheat, leading to more water stress in wheat following chickpea than following wheat when grown in monoculture.
Summer or winter crops
Average N 2 O emissions at the optimal N rate were 0.2 and 0.5 kg N ha -1 year -1 smaller from winter (wheat; Fig. 6f, g ) compared with summer cropping (sorghum; Fig. 7d, e) at Kingsthorpe and Kingaroy respectively. This is associated with the higher optimal N rates in wheat than in sorghum at these sites. At Tamworth, N 2 O emissions from winter cropping were 0.2 kg N ha -1 year -1 higher than from summer cropping at the optimal N rate between sorghum and wheat (Figs 6h, 7f) . At Kingaroy and Kingsthorpe, at the highest N rates applied in our calculations (180 kg N ha -1 ), annual N 2 O emissions were higher in wheat than in sorghum (Figs 6f, g, 7d, e) , whereas at Tamworth it was the other way round. Emissions were higher in the rotation where more excess mineral N accumulated in the soil profile. N 2 O intensities at the optimal N rates were higher in wheat than in sorghum, because wheat yields were smaller than sorghum yields by 1.4-2.2 t ha -1 .
Factors driving N 2 O emissions
Although SOC is a driver of N 2 O emissions, we found no relationship between these two parameters in the simulated results ( Fig. 9a ; R 2 = 0.00). PAWC, drainable porosity (i.e. the difference between soil water contents at saturation and at DUL) and rainfall affect soil water content, which, in turn, affects N 2 O emissions. However, there was no relationship between N 2 O emissions and PAWC ( Fig. 9b ; R 2 = 0.02) and only a weak relationship between drainable porosity and N 2 O emissions ( Fig. 9c ; R 2 = 0.22). Contrary to our expectations, we found that N 2 O emissions decreased with increasing annual rainfall ( Fig. 9d ; R 2 = 0.37). We also found decreasing N 2 O 
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Single Split Sorghum Sorghum-mung bean Rotation Fig. 7 . Simulated average long-term sorghum yields, yearly N 2 O emissions and N 2 O intensities under varying N rates applied as single or split fertiliser for a sorghum monoculture and a sorghum-mung bean rotation simulated for three sites representing major grain cropping regions in eastern Australia (the order of sites is from north to south). Dots show the optimal N rates for the respective rotations. emissions with increasing average maximum temperatures ( Fig. 9e ; R 2 = 0.30), which is counterintuitive. At the same time, the optimal N-rate applied to maximise crop yield at the different sites was strongly related in the same way as N 2 O emissions to drainable porosity ( Fig. 9h ; R 2 = 0.67), rainfall ( Fig. 8i ; R 2 = 0.80) and maximum temperature ( Fig. 8j ; R 2 = 0.78). Therefore, the relationships between N 2 O and these soil and climate variables appear to be artefacts, and are instead caused by the applied N rate. There were no relationships between the optimal N rate and SOC ( Fig. 9f ; R 2 = 0.12) or PAWC ( Fig. 9g ; R 2 = 0.14).
Discussion
Model evaluation
Crop yields for seven different crops (wheat, barley, maize, canola, chickpea, sorghum and cotton) were accurately predicted under a wide range of environmental conditions and management practices (R 2 = 0.93; Fig. 5a ). After calibrating the parameter dnit lim , seasonal N 2 O emissions in 54 crop and fallow validation datasets were also accurately predicted, with R 2 = 0.91 (Fig. 5b) . These excellent predictions were achieved by keeping parameters of the nitrogen and carbon cycles constant and only calibrating the site-specific parameter dnit lim . However, at Hamilton and Wagga Wagga, a few other parameters needed to be adjusted with reasons justified above. Therefore, the model can be reliably extrapolated to other areas within the eastern Australian grain growing regions with different soil and climate conditions. Our extensive validation substantiates the ability of APSIM to reliably predict yields and seasonal N 2 O emissions for various crops under diverse management practices and soil and climate conditions. Therefore, the calibrated APSIM model can be used as a valid tool for exploring N 2 O mitigation options by simulating long-term scenarios for the experimental field sites representative of typical grain growing areas.
Cumulative N 2 O emissions proved to be very sensitive to the newly introduced parameter dnit lim , which determines the WFPS above which denitrification commences. The values derived for dnit lim ranged from 0.80 to 0.93 (Fig. 4) , which are at the upper end of the range 0.5-0.9 that was found for this threshold in reviews of denitrification models (Heinen 2006) and observations (Barton et al. 1999) . In all cases, dnit lim was close to WFPS DUL , although generally higher (average 5%) than WFPS DUL (Fig. 4) . Because five of six data points in Fig. 4 lie very close together, a regression to determine a quantitative relationship between dnit lim and WFPS DUL is not sensible. However, the relationship between dnit lim and WFPS DUL indicated by the data suggests that dnit lim is a site-specific variable that can potentially be predicted from DUL. The generality of this relationship or the relationship with other measurable soil properties should be tested over a wider range of soil types. If a relationship between measurable soil properties and dnit lim existed, values of dnit lim could be determined and N 2 O emissions readily predicted at other sites.
Simulation of mitigation options
The satisfactory agreement between predicted and observed N 2 O emissions and crop yields provides greater confidence in long-term simulations. The results from field experiments can be extrapolated to explore longer-term effects of management practices across a range of cropping environments in eastern Australia.
Applying N fertiliser at rates above where crop yields plateaued increased N 2 O emissions. Predicted maximum spring wheat yields were in accordance with potential waterlimited wheat yields proposed for Australia (Gobbett et al. 2016) . The yields for winter wheat at Hamilton were at the . Simulated N 2 O emissions (top panels) and optimal N rates (bottom panels) in wheat as a function of soil organic carbon (SOC; average during the simulation), plant available water capacity (PAWC), drainable porosity, rainfall and mean daily maximum temperature. Data came from the following management practices: 'optimal' N fertiliser applied in split application in wheat and wheat-chickpea rotations.
higher end of what can be expected in the high-rainfall zone.
There are many risks associated with managing N fertiliser in rain-fed cropping systems in the northern and southern graingrowing regions of Australia due to high variability in rainfall and prices. Grain growers often make risk-adverse decisions, resulting in N applied at lower rates than optimal for maximising yield (Monjardino et al. 2015) . Although these decisions are partly responsible for the high yield gaps in Australia's cereal cropping (Gobbett et al. 2016) , they are beneficial for mitigating N 2 O emissions and N 2 O emissions intensity. Should N applications be increased to reduce the yield gap, decision makers should be aware of the implications for N 2 O emissions, particularly if excessive N rates above the 'optimum' are applied. Splitting N fertiliser application has been proposed as an option for reducing N 2 O emissions (Burton et al. 2008; Schwenke et al. 2016) . In our simulations, splitting N showed no effect on yield (Figs 6a-e, 7a-c), with a minor effect only found for winter wheat at Hamilton (Fig. 8a) . A later application of the N top dressing, as done under normal practice in the southern region, did not show any yield increase either (not shown). Splitting N was found to be an effective option to reduce N 2 O emissions (by up to 22%) compared with single N application in the southern but not northern grain-growing region (Figs 6f-j, 7d-f, 8b) . One reason for the difference between regions may be annual rainfall and associated N 2 O emission patterns. In wheat monocultures at Wagga Wagga, Horsham and Hamilton, an average of 80-90% of yearly N 2 O emissions occurred during the crop season when 60-80% of annual rain fell, with only 10-20% of yearly N 2 O emissions occurring during the fallow season where rainfall was low. In contrast, at the northern grain-growing sites, only 40-60% of yearly N 2 O emissions occurred during the wheat cropping season where 30-40% of annual rain fell, with the majority of N 2 O emitted during the wet summer fallow season. Consequently, splitting N applications has the potential to better synchronise fertiliser N supply to meet crop needs and so reduces the potential for denitrification (and associated N 2 O emissions). This is more important in the southern grain region, where rainfall-induced soil moisture conditions are more conducive for denitrification and associated N 2 O emissions early in the cropping season compared with the northern grain region, where wheat is grown during the dry winter season. Varying effects of splitting N fertiliser on N 2 O emissions have been found in previous studies. Some authors found no effects or reduced N 2 O emissions (Burton et al. 2008; Allen et al. 2010; Schwenke et al. 2016) , depending on the timing of significant rainfall events in relation to N applications. In contrast, Venterea and Coulter (2015) found splitting N fertiliser increased N 2 O emissions compared with a single application. The results of the present and previous studies show that timing of N fertiliser application is important, and so soil moisture conditions and rainfall patterns should inform the decision making regarding the timing of N fertiliser applications.
Legumes are increasingly being proposed as break crops in grain cropping systems to control weeds and diseases (Angus et al. 2015) and, particularly in the case of high-value pulses, as a valuable commodity in their own right. Including a legume in the crop rotation increased yields at lower N rates and reduced the N rate at which the yield plateau was reached compared with monoculture cereals. Thus growing legumes has the potential to save considerable amounts of N fertiliser and so to reduce N 2 O emissions and N 2 O intensities in the subsequent cereal crops (Figs 6-8 ), as demonstrated in previous studies (De Antoni Migliorati et al. 2015; Mielenz et al. 2016b) . Simulated N 2 O emissions were generally smaller when unfertilised grain legumes were grown compared with fertilised cereal crops, which supports the experimental findings at the Tamworth field site (Schwenke et al. 2015) . However, if N fertiliser inputs to cereal crops are not reduced when legumes are included in rotations, N 2 O emissions may increase ( Fig. 7 ; Huth et al. 2010) .
Although the simulation results indicated that including a legume in the crop rotation increased yields at lower N rates compared with monoculture cereals, the maximum yields of cereal crops were similar in rotations with or without legumes. In previous studies, the yield of wheat after legumes generally exceeded the yield of wheat after wheat (Angus et al. 2015) , partly due to increased N availability after legumes. This discovery supports our finding of a reduced N rate at which the yield plateau was reached for wheat and sorghum in rotation with legumes than in monoculture. However, in our simulations the maximum yield of wheat crops (i.e. at high N rates) grown in rotation with chickpea was lower than in monoculture. This appears contradictory to the findings of Angus et al. (2015) . However, Angus et al. (2015) also found that yield response to break crops was smaller when less rain fell during the grain cropping season, because then yield may have been limited by water as well as N. Although in the studies reviewed by Angus et al. (2015) N availability instead of water availability may have been the main factor for the positive yield response to legumes, in our simulations water stress was the main limiting factor. Indeed, in our simulations chickpea left less residual water in the soil than wheat, which led to more water stress in wheat following chickpea than when grown in monocultures. This contradicts results from Miller et al. (2003) , who found that some legumes left more water in the soil than cereals, but they conducted their experiments in a different climate. Also in the grain-growing regions of Australia, residual water contents after legume break crops were reported to contribute to increases in subsequent wheat yields (Kirkegaard et al. 2014) . Another reason that cereal yields after break crops may be higher than cereals in monoculture is that legumes are beneficial in controlling root diseases in cereals. This effect is not accounted for in our simulations because disease effects are not simulated in APSIM. Therefore, our finding of maximum wheat yields in monocultures being higher than when in rotation with chickpea should be interpreted with caution.
In conclusion, using grain legumes in rotation with cereal crops is an effective measure to mitigate N 2 O emissions when N fertiliser applications to cereals in the rotations are reduced to account for the legume N inputs. Their effect as disease break crops for cereals makes the integration of legumes into crop rotations an even better mitigation strategy. The mitigation potential of using grain legumes depends on the rate of fertiliser N application otherwise used in the absence of the legume in rotation. Therefore, the contribution of legume residues to plant-available N should be carefully considered when deciding the extent to which fertiliser N application can be reduced. Water availability should also be included in the decision making for N fertiliser management, especially when legumes are included in the crop rotation.
In the northern grain-growing region, both winter and summer crops are typically grown, although generally only one crop per year is grown in rain-fed cropping environments unless excessive rainfall occurs. Our simulations showed negligible differences in N 2 O emissions between growing a winter or a summer crop rotation. Therefore, the choice of growing summer or winter crops is unlikely to represent a significant mitigation option.
N 2 O emissions are driven by soil mineral N content, SOC, water and temperature. Mineral N concentrations are strongly influenced by N fertiliser application rates and legume residues, which can be managed by farmers. Our simulations of N 2 O emissions at different N rates 8b) show the extent to which N 2 O emissions can be reduced by N fertiliser management. Soil carbon, water and temperature are influenced less easily by management in a growing crop under rain-fed conditions. It is important to determine how these factors affect N 2 O emissions in the different grain cropping environments represented in the present study. Therefore, we related N 2 O emissions at the 'optimum' N-rate in wheat and wheat-chickpea rotations (circles in Fig. 6 ) to relevant environmental variables (Fig. 9a-e) . Contrary to our expectations, there was no relationship between SOC and N 2 O emissions (Fig. 9a) , possibly because of the relatively small range of carbon concentrations in the soils simulated. The post-pasture cropping site at Hamilton was excluded from this analysis. However, the high N 2 O emissions observed at Hamilton (Figs 3b, 5b) , where SOC in the topsoil is two-to threefold higher than at the other sites ( Table 1 ), shows that SOC does have an important effect on N 2 O emissions. The effect of parameters influencing soil water content (PAWC, drainable porosity and rainfall) or temperature (average maximum temperature) was overridden by the different N application rates applied at the different sites. This suggests that mineral N concentration largely determines the level of N 2 O emissions, whereas the other drivers provide the conditions conducive for N 2 O production.
The high interannual variability in crop yields and annual N 2 O emissions we simulated using long-term weather data (CV = 20-100% for annual N 2 O emissions and CV = 10-60% for crop yields) shows that climate factors are important in controlling N 2 O emissions and yields. N 2 O emissions were often higher in wet years than in dry years, because denitrification is responsible for large proportions of N 2 O emissions from wet soils. In wet years, higher crop yields were obtained than in dry years because plant-available water is the main limiting factor for crop growth in Australian dryland cropping systems. Therefore, in dry years, less N fertiliser is needed because water limited yields and associated N requirements are much lower. Consequently, there is no one 'optimum' N rate that applies across seasons to achieve maximum yield and ensure low N 2 O emissions. Instead, the N rate will be highly influenced by soil mineral N at planting and subsequent supply through the growing season, along with expected yield based on soil water stored at planting and forecast weather. Soil testing for mineral N and crop yield forecasting tools in combination with reliable long-term weather forecasts would provide great certainty in managing N fertiliser applications.
Conclusions
APSIM proved to be a reliable tool for predicting seasonal N 2 O emissions and crop yields for various crops across different soil and climatic conditions of eastern Australia's northern and southern grain-growing regions. The parameter dnit lim (Eqns 1, 2), determining the WFPS threshold above which denitrification occurs, was found to be very important for predicting seasonal N 2 O emissions. The estimates of dnit lim for the six soils used in the present study indicate a potential relationship between dnit lim and the WFPS at DUL (Fig. 4) . This and other potential relationships of dnit lim with measurable soil properties should be further investigated to be able to predict this parameter and so to improve the ability of APSIM to predict seasonal N 2 O emissions. Because only site-specific parameters needed calibration, we propose that APSIM could be readily used to predict yields and N 2 O emissions in other regions of the world with similar climates and soils.
N 2 O mitigation options are consistent with N management strategies that maximise crop yields without exceeding plant demand, thereby increasing N use efficiency and simultaneously minimising N losses to the environment. Timing of N application was also important, splitting N applications at planting and again in season was found to be an effective measure for mitigating N 2 O emissions in the southern, but not in the northern grain region of eastern Australia. Including legumes in crop rotations has great potential in reducing N fertiliser inputs and so mitigating N 2 O emissions.
